Abstract Curcumin, a well-known dietary pigment derived from Curcuma longa, has been shown to be a potent antiinflammatory, antioxidant, and anticarcinogenic compound. The present study was designed to investigate the cytotoxic potential of curcumin against a range of human tumor cell lines in an attempt to understand its mechanism of action, which may lead to its possible therapeutic applications. We have shown that different cancer cell lines differ in their sensitivity to curcumin. Cell lines established from malignancies like leukemia, breast, colon, hepatocellular, and ovarian carcinomas underwent apoptosis in the presence of curcumin, whereas cell lines from lung, kidney, prostate, cervix, CNS malignancies, and melanomas showed resistance to the cytotoxic effects of curcumin. Sensitivity of the cancer cell lines to curcumin correlated with the generation of superoxide radicals as determined by the reduction of ferricytochrome C. Curcumin-resistant tumor cell lines showed significantly higher production of Hsp70, thus mounting a stress response and protecting the cells from the apoptotic cell death. These observations yield clues toward understanding the regulation of the cell death machinery by the stress proteins. Interestingly, curcumin had no effect on nontransformed cell lines, which showed neither superoxide generation nor the induction of a stress response. These observations demonstrate that curcumin is an interesting molecule with varied actions, depending on the cell type.
INTRODUCTION
Curcumin (1,7-bis [4-hydroxy phenyl]-1,6-heptadiene-3,5-dione), the biologically active compound from the rhizomes of Curcuma longa, has been known in the traditional Indian medicine for centuries. Curcumin has been shown to possess anti-inflammatory, antimutagenic, and anticarcinogenic effects (Pachuari and Mukherjee 1956; Sharma 1976; Kuttan et al 1985) . Curcumin also exhibits an antiproliferative capability and is therefore identified as a potent anticancer agent (Mehta et al 1997; Jee et al 1998; Kawamori et al 1999) . The cytotoxic activity of curcumin has been observed in a wide range of cell lines like NIH3T3, mouse sarcoma S180, human kidney cancer cells 293 (Jiang et al 1996) , and human basal cell carcinoma (Jee et al 1998) . Dietary administration of curcumin significantly suppressed development of chemically induced tumors in mice (Huang et al 1994) . Its chemopreventive activity was observed when it was administered during the promotion/progression stages of colon cancer (Kawamori et al 1999) . Very little is known about the exact mechanism of action of curcumin. Some of its reported biological activities are an inducer of heat shock proteins (Kato et al 1998) , a modulator of Ca ϩϩ ion flux and p53 (Chen et al 1996) , an inhibitor of nitric oxide synthase gene expression (Chan et al 1998) , and an inducer of apoptosis in cancer cells (Jiang et al 1996) .
Heat shock response or stress response is among the most highly conserved cellular responses across the species (Welch 1990) . Cells respond to external stress, resulting in the expression of certain genes and their products, which are called heat shock proteins (Hsps) (Kiang and Tsokos 1998) . Heat shock proteins consist of both stress inducible and constitutive family members which perform housekeeping functions and act as molecular chap-erones by helping nascent polypeptides assume their proper conformation (Kiang and Tsokos 1998; Sharp et al 1999) . Hsps have been shown to participate in antigen presentation, intracellular trafficking and apoptosis (Kiang and Tsokos 1998; Sharp et al 1999) . Hsp70 plays an important role during the apoptotic process, and overexpression studies have shown that Hsp70 induces a protective response against apoptosis (Mosser et al 2000) . Under the conditions of stress, Hsp70, once synthesized, binds to denatured proteins in an ATP-dependent fashion to prevent further denaturation and help in proper refolding into native conformation (Freeman et al 1995) , and the cell lines lacking the heat shock response were triggered into apoptotic process (Sreedhar et al 1999) .
We have recently demonstrated cytotoxic activity of curcumin against a rat histiocytoma . Curcumin-mediated tumor cell death is through apoptosis, which involves the generation of reactive oxygen species and the specific activation of caspase-3 (Bhaumik et al 1999) . In the present study, we investigated the sensitivity of different human tumor cell lines towards the cytotoxic activity of curcumin in vitro. Our studies implicate differential behavior of various cell lines to the apoptotic potential of curcumin. The ability of curcumin to induce apoptosis in sensitive cell lines depends, at least in part, on its ability to generate superoxide radicals. In addition, our results strongly suggest the overexpression of Hsp70 and the mounting of stress response protects cells from the cytotoxic effects of curcumin. Moreover, curcumin had no effect on primary cells and nontransformed cell lines. Curcumin being a dietary component, these observations may be useful in the generation of long-term prophylactic effects for certain types of malignancies.
MATERIALS AND METHODS

Tumor cell lines
All the human tumor cell lines used in this study were from the National Cancer Institute/American type culture collection and have been adapted to grow in DMEM containing 10% FCS and a mixture of penicillin (100 U/ mL) and streptomycin (50 g/mL). The adhered cell lines were subcultured after mild trypsinization.
Nontransformed cell lines and primary cultures
Rat skin fibroblasts (RSF), CHO, L-929, F111, and human corneal epithelial cells (HCE) were maintained in DMEM containing 10% FCS. RSF cells were obtained after enzymatic (trypsin and collagenase) dispersion of neonatal rat skin. Lymphocytes and hepatocytes were produced after teasing the spleen and liver, respectively, by flushing sterile DMEM with the help of a syringe. Primary cells were maintained in DMEM-FCS.
Treatment with curcumin
Different human tumor cell lines (1 ϫ 10 6 cells) were incubated with different concentrations (10-75 M) of curcumin for 24 and 48 hours to arrive at optimal concentration and incubation time. Stock solution of curcumin (Sigma, St Louis, MO, USA) in ethanol was diluted in the culture medium to obtain the required concentrations keeping the final ethanol concentration below 1%. 
Immunofluorescence and flow cytometry
Western blotting
Cell lysates from curcumin-treated and untreated cells were run on SDS-polyacrylamide gel and transferred to nitrocellulose membrane. The blots were probed with anticytochrome C (Pharmingen, San Diego, USA) and antiHsp70 (Stressgen Biotech Corporation, Victoria, BC, Canada) antibodies. The bound primary antibody was detected with anti-mouse IgG coupled to alkaline phosphatase (1:5000) and developed with BCIP substrate and NBT.
Isolation of RNA and Northern hybridization
Total cellular RNA was isolated from different cell lines by the guanidinium thiocyanate-phenol-chloroform method. RNA samples were subjected to electrophoresis on 1% agarose gel containing 2% formaldehyde and 3-(N-morpholino)propanesulfonic acid/EDTA buffer. The fractionated RNA was transferred to Hybond N ϩ membrane (Amersham) in 50 mM NaOH. The blots were prehybridized for 6 hours at 65ЊC in hybridization buffer. The cDNA probe for Hsp70 was labeled with [ 32 P]dATP by the random primer labeling method. The labeled probe (10 6 cpm/mL) was added, and the hybridization was carried out overnight. The blots were washed to a final stringency of 0.2 ϫ SSPE, 0.1% SDS at 65ЊC and exposed to x-ray film at Ϫ70ЊC. 
Generation of superoxide
Superoxide-anion-induced reduction of ferricytochrome C to ferrocytochrome C was monitored spectrophotometrically at 550 nm (Pick 1986 ); 5 ϫ 10 4 cells were suspended in complete phenol red-free DMEM and plated in 96-well plates. The cells were treated with curcumin (50 M), and the superoxide anions released were estimated in the presence of 80 M cytochrome C with and without SOD (300 U/mL).
In a parallel experiment, NAc (1 mM) inhibitable cytochrome C reduction was estimated after 1 hour of curcumin treatment. The total cellular proteins were estimated with Bradford reagent using BSA as the standard.
Propidium iodide staining and flow cytometry
Tumor cells after the incubation were washed with phosphate-buffered saline (PBS) and fixed in 70% ethanol. Cells were stained with propidium iodide reagent (propidium iodide, Calbiochem, 50 g/mL in 0.1% sodium citrate containing 0.1% Triton X-100) and analyzed by flow cytometry. The pre-G0/G1 peak represented the apoptotic population of cells.
DNA extraction and electrophoresis
Fixed tumor cells were washed, then suspended in citrate-phosphate buffer, and the fragmented DNA was extracted as described earlier (Bright et al 1995) . Fragmented DNA was electrophoresed on 0.8% agarose gel at 2 V/ cm for 16 hours and visualized under UV light after staining with 5 g/mL ethidium bromide. In addition to the extraction of fragmented DNA, the total cellular DNA was also extracted separately by the phenol-chloroform extraction method and analyzed after electrophoresis.
Release of cytochrome C from mitochondria
In order to detect the release of cytochrome C from mitochondria during curcumin-mediated apoptosis, tumor cells (5 ϫ 10 6 ) after treatment with curcumin (50 M) for 4 hours were washed in cold PBS, suspended in 0.5 mL ice-cold cytoplasmic extraction buffer (20 mM HEPES, pH 7.5, 10 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonylfluoride, 1 mM DTT, and a mixture of protease inhibitors), and incubated on ice for 10 minutes (Yang et al 1997) . The cells were disrupted with 40 strokes in a Dounce homogenizer and centrifuged at 3000 ϫ g for 10 minutes at 4ЊC. The supernatant was further centrifuged at 100 000 ϫ g for 30 minutes and used in Western blotting experiments.
RESULTS
Differential response of tumor cells to the apoptotic effects of curcumin
We tested the sensitivity of different human tumor cell lines to the apoptotic activity of curcumin. Cell lines of the reticuloendothelial origin were sensitive to curcumin (Table 1) . Also, ovarian carcinoma, one of the colon carcinoma cell lines, hepatocellular carcinoma, and breast carcinoma cell lines underwent apoptosis on treatment with curcumin. However, one of the cell lines of colon, ovarian, and breast carcinomas was resistant to the effects of curcumin. In addition, cell lines of lung, kidney, prostate, cervix, CNS origin, and melanomas showed total resistance to curcumin even at a higher dose and for a longer incubation time (data not shown). All subsequent experiments were done with a few representative curcumin-resistant and -sensitive cell lines selected randomly.
Oligonucleosomal DNA fragmentation
Apoptosis in curcumin-sensitive cell lines was characterized by nuclear fragmentation and formation of apoptotic bodies (data not shown). Oligonucleosomal DNA fragmentation, a hallmark of apoptosis (Wyllie 1980) , was also observed in curcumin-sensitive cell lines (Fig 1B) . DNA laddering pattern was seen in JURKAT, HL-60, K-562, and MDAMB cells after treatment with curcumin, MCF-7 cell line being an exception. This cell line was earlier shown to lack caspase-3 and hence to be resistant to DNA fragmentation (Janicke et al 1998) . On the contrary, the cell lines like SW620 and PA-1, which were resistant to curcumin, did not display DNA fragmentation ( Fig  1B) . We also looked at the cleavage of high-molecularweight DNA after curcumin treatment. None of the cell lines tested showed any such cleavage (Fig 1A) .
Curcumin-induced apoptosis involves superoxide generation
Increase in the generation of ROS has been implicated in some forms of apoptotic cell death where they function as intracellular signaling molecules (Jacobson 1996) . In order to understand the mechanism of action of curcumin-induced apoptosis in tumor cells, we studied the generation of superoxide after the treatment of cells with curcumin. Significantly higher levels of superoxide radicals were produced by OVCAR-8, COLO-205, and MDAMB cells in the presence of curcumin (Table 2) . Incidentally, all these cell lines are sensitive to curcumin. Cell lines like PA-1 and SW620, which produce low quantities of O 2 Ϫ , are resistant to curcumin-induced apoptosis (Table 2 ). These observations were confirmed by using NAc, which is an O 2 Ϫ scavenger. NAc and curcumin, when added together, inhibited significantly the apoptotic process in OVCAR-8, COLO-205, and MDAMB cells (Fig 2) . These observations indicate an important role for O 2 Ϫ in the induction of apoptosis, produced after treatment of cells with curcumin. Curcumin-induced apoptosis was abrogated by treatment with z-VAD-fmk, a broad-spectrum caspase inhibitor, suggesting the role of caspases in curcumin-induced apoptosis (data not shown).
Release of cytochrome C from mitochondria
Apoptosis in the majority of cells studied proceeds with the translocation of cytochrome C from mitochondria to cytosol (Bossy-Wetzel et al 1998) , where it forms a complex with Apaf-1 and caspase-9, leading to the activation of caspase-3 (Li et al 1997) . We have analyzed the release of cytochrome C in curcumin-treated cells by Western blotting. A significant release of cytochrome C was observed when HL-60 cells were treated with curcumin for 4 hours (Fig 3B, lane 4) . However, we could not observe any significant release of cytochrome C in curcumintreated COLO-205, OVCAR-8, and HepG2 cells, suggest- ing that the release of cytochrome C may not occur during curcumin-induced apoptosis.
Induction of CD95-ligand expression by curcumin
We also studied the expression of CD95-ligand by different human tumor cell lines after treatment with curcumin for 24 hours. It was interesting to note that cell lines that were sensitive to curcumin were induced to express CD95-L, whereas the curcumin-resistant cell lines failed to show such induction (Table 3) . Treatment of cells with NAc inhibited the expression of CD95-L, thereby suggesting a possible correlation between O 2 Ϫ generation and CD95-L expression. These results were confirmed by Western blotting using MDAMB cells (Fig 3A) . MDAMB cells showed CD95-L expression after 6 hours of treatment with curcumin. However, curcumin did not induce the expression of CD95 receptor in these cells. Moreover, anti-CD95-L antibody was unable to block curcumin-induced apoptosis in sensitive cell lines (data not shown). Therefore, the exact role of CD95-L induction after curcumin treatment remains to be investigated.
Curcumin-induced stress response
In order to understand the differential activity of curcumin on different cell lines and to investigate the mechanisms involved in imparting either sensitivity or resistance toward curcumin, we studied the expression profile of Hsp70 in tumor cells. It was interesting to note that curcumin-resistant cell lines showed significantly higher expression of Hsp70 after treatment with curcumin, as compared to the curcumin-sensitive cell lines (Fig 4) . These observations were confirmed by Northern hybridization where PA-1 cells (resistant to curcumin) produced higher levels of Hsp70 transcripts after 3 hours of treatment with curcumin (Fig 5) . There was some expression of Hsp70 in COLO-205 and MDAMB cells after 4 hours of incubation with curcumin (Fig 4) ; however, this expression may not be sufficient to make these cells resistant to curcumin.
We also studied the expression of Hsp70 after treatment of SW620 (resistant to curcumin) cells with NAc. NAc (1 mM) was able to reduce curcumin-induced expression of Hsp70 in these cells (Fig 4C) , thereby indicating the involvement of superoxide radicals in the induction of Hsp70 expression. These observations lead us to suggest that human tumor cell lines produced superoxide radicals on treatment with curcumin, which in turn induced the stress response. Cell lines that generated significantly higher levels of Hsp70 and perhaps other Hsps survived and were resistant to curcumin-induced cytotoxicity, whereas cell lines that could not generate significant stress response were triggered into apoptotic pathway by superoxide radicals (Fig 6) .
Effect of curcumin on nontransformed cells
We also studied the effect of curcumin on primary cultures and nontransformed cell lines. Curcumin was ineffective in inducing apoptosis in these cells (Table 4) . Nontransformed cells when treated with curcumin produced very low concentrations of O 2 Ϫ (Fig 7A) and therefore did not exhibit any stress response (Fig 7B) . Human corneal epithelial cells (HCE) produced slightly higher amounts of O 2 Ϫ and Hsp70, which could be due to its transformed state induced by SV40 T-antigen. These observations suggest that curcumin behaves differently when added to nontransformed cells and that the protection in these cells is not through the induction of stress response as observed in curcumin-resistant tumor cell lines.
DISCUSSION
Curcumin has been reported to be a potent antiproliferative agent for many tumor types (Rao et al 1995; Sikora et al 1997) . It has also been shown to act as a proapoptotic agent Khar et al 1999) . However, curcumin inhibited apoptosis induced by either dexamethasone or UV irradiation (Sikora et al 1997) . Curcumin suppressed the activity of AP-1 transcription factor in the cells that were stimulated to proliferate (Sikora et al 1997) , and it also suppressed c-jun and NF-kB activation in breast carcinoma cells (Mehta et al 1997) .
Recently, we demonstrated antitumor activity of curcumin in a rat histiocytoma AK-5 . In addition, curcumin induced apoptosis through the generation of reactive oxygen species (Bhaumik et al 1999) . In the present investigation, we studied the effect of curcumin on human tumor cell lines of different origin. Our present studies indicate sensitivity of cell lines, established from certain types of malignancies, to the apoptotic activity of curcumin. However, cell lines from melanomas, lung, kidney, prostate, CNS, and cervical carcinomas were resistant to the apoptotic effects of curcumin (Table 1) . Recently, it has become clear that suppression of apoptosis by tumor-promoting agents in preneoplastic cells is an important mechanism for tumor promotion (Bayly et al 1994) , and the disappearance of nodular lesions as induced by the administration of chemopreventive agents like S-adenosyl-L-methionine has been associated with the apoptotic process (Garcea et al 1989) . Thus, the anti-tumor-promoting effects of curcumin, at least in part, could be contributed to its apoptosis-inducing activity.
The apoptotic activity of curcumin as reported earlier (Bayly et al 1994; Jiang et al 1996; Khar et al 1999) involves activation of caspases, generation of ROS, and loss of mitochondrial transmembrane potential. Using the caspase inhibitor z-VAD and the inhibitor for ROS generation NAc, we have been able to inhibit apoptosis induced by curcumin. These observations suggest that the curcumin-induced apoptosis in sensitive human cancer cell lines involves the generation of ROS and the activation of caspases.
The release of cytochrome C from mitochondria has been regarded as an important step in the initiation of apoptosis (Reed 1997) ; however, its release has not been demonstrated in some types of apoptotic processes (Tang et al 1998) . Cytochrome C is involved in the activation of caspases and thus initiates the apoptotic pathway. Curcumin seems to induce cytochrome C release in only HL-60 cells; other tumor cell lines tested do not show such a release (Fig 3) . Thus, it is plausible to assume that curcumin-induced apoptosis in some of the cell lines tested is independent of cytochrome C release from the mitochondria. The involvement of mitochondria in apoptosis, and its being cause or consequence, is a complex phenomenon. The release of cytochrome C may critically depend on the type of stimulus, its intensity, and the differential cascade it may induce. The hydrophobic property of curcumin enables the molecule to pass easily through the plasma membrane. Thus, curcumin-induced apoptosis is not mediated through a specific receptor and therefore may result in the activation of a different signaling pathway in the apoptotic cascade.
The release of cytochrome C from mitochondria and the inhibition of the mitochondrial respiratory chain was assumed to result in the overproduction of ROS, which would act as mediators of the death signaling pathway (Schulze-Osthoff et al 1992) . Studies have shown that the addition of ROS or the depletion of endogenous antioxidants can induce programmed cell death (Buttke and Sandstrom 1994) .
Curcumin has been shown to induce expression of stress proteins in certain cell types. In addition, the stress response induced by curcumin has been ascribed to its inhibitory activity during the metabolism of arachidonic acid (Kato et al 1998) . In order to understand the mechanism of resistance shown by several human tumor cell lines in our study, we investigated the expression of Hsp70, which has been previously shown to protect cells from undergoing apoptosis (Yenari et al 1999) . It was interesting to observe a higher expression of Hsp70 in the presence of curcumin by the resistant tumor cell lines (Fig  4) , whereas the sensitive cell lines produced only basal levels of Hsp70, which may not be sufficient to impart protection during apoptosis. The expression of Hsp70 was reduced when NAc was added along with curcumin ( Fig 4C) . These observations suggest that the cells are subjected to stress by the production of ROS after curcumin treatment and that the cell lines that respond to this stress by producing Hsp70 and possibly other Hsps are protected and therefore are resistant to curcumin. On the other hand, the curcumin-sensitive cell lines undergo apoptosis because of their inability to produce sufficient Hsp70. The protective mechanism of Hsp70 in the apoptotic process is not well understood. It is believed to perform a chaperone function, thereby preventing protein malfolding and aggregation. Recently, Hsp70, because of its chaperone function, has been shown to affect the apoptotic process at the levels of cytochrome C release as well as at initiator caspase activation (Mosser et al 2000) .
It may also function in the inhibition of effector caspases or in delaying their activation, probably by binding to the inactive (pro) form of these proteins. During oxidative injury, Hsp70 may be protecting the cells through an antioxidant mechanism, probably by stabilizing the endogenous antioxidants. Increased levels of glutathione have been observed in Hsp70-overproducing glial cells, which protect the cells from glucose deprivation or H 2 O 2 exposure (Xu and Gifferd 1997) .
CD95-ligand (CD95-L), after interaction with CD95 receptor, induced apoptosis in the target cells (Krammer 1999) . CD95-L has also been shown to induce inflammatory response in several studies (Miwa et al 1998) in addition to its role in immune evasion (Khar et al 1998) . We observed higher expression of CD95-L in the curcumin-sensitive cell lines, whereas the cell lines that are not killed by curcumin do not express CD95-L (Table 3) . Reactive oxygen intermediates have been shown to induce CD95-L mRNA in HepG2 cells (Hug et al 1997) . Although the exact role of CD95-L during curcumin treatment remains to be investigated, our studies do suggest an important role for CD95-L during the apoptotic process in curcumin-sensitive cell lines; however, we have not been able to demonstrate induction of CD95 receptor expression after treatment of the cells with curcumin (data not shown).
Recently, CD95-L has been shown to act as a costimulatory receptor in CD8ϩ T cells (Suzuki et al 2000) . In addition, CD95-L has been shown to interact with the extracellular matrix proteins, which in turn potentiated its proapoptotic activity (Aoki et al 2001) . Thus, induction of CD95-L expression by curcumin in tumor cells may have tremendous implications in vivo, where it may augment costimulatory function during an immune response against the cancer.
Although curcumin has been shown to reduce the proliferation rate of human colon cancer cells HT-29 and HCT-15, it was unable to induce apoptosis in these cells (Hanif et al 1997) . In our studies, we investigated the apoptotic potential of curcumin on different human tumor cell lines. The possibility that curcumin-resistant cell lines may not undergo apoptosis but may get arrested in the cell cycle during division should be studied further.
Thus, curcumin is a highly potent molecule possessing anticancer activity. In addition, its being ineffective towards nontransformed cells (Table 4) makes it more interesting from the therapeutic point of view, as it may not generate any side effects that are normally associated with other anticancer compounds.
Our studies suggest that curcumin, which is an active component of the Indian spice, may have many beneficial effects, especially in preventing some of the malignancies that are sensitive to curcumin activity. In order to obtain more insights into establishing antitumor activity of curcumin against different types of human malignancies, it may be important to study the in vivo effects of curcumin using an athymic mouse model.
